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Low-temperature co-fired ceramic (LTCC), and glass fiber reinforced polymer 
(GFRP) printed circuit boards (PCBs) are two materials used for the packaging of 
electronics. The excellent mechanical and electrical properties of LTCC, combined with 
the ability to embed passive components offer superior radio frequency (RF) performance 
and device miniaturization for high-frequency applications. Due to its unique properties, 
LTCC provides superior performance in applications as diverse as military radar, imaging 
systems, advanced automotive sensing, telecommunications, and satellites. The use of 
LTCC in these applications has created a demand for the micromachining of holes, 
channels, and cavities with specific geometries and structures. Likewise, GFRP PCBs are 
the backbone of the electronics industry. They work to mechanically support and 
electrically connect components using conductive tracks, pads and other features etched 
from copper sheets laminated onto GFRP substrate. Since the electronics industry has 
been moving toward devices with smaller size and lower cost, there has been an 
increasing need to drill holes in GFRP PCBs with high quality and efficiency.  
Some of the conventional techniques used to machine LTCC and GFRP PCBs are 
micro punching, mechanical milling, and electrical discharge machining. These 
 
 
 
techniques can machine some structures on LTCC and GFRP PCBs, but the drawbacks 
such as geometry-limitation, wear and tear of tools, high-cost, complex equipment, lack 
of flexibility and crack-tendency limit the application of these techniques. Femtosecond 
laser micromachining is a comparatively new technique that offers a solution to meet the 
challenging demand for drilling of LTCC and GFRP PCBs. The unique properties of 
ultrashort pulse width and the extremely high peak intensity allow fs laser to drill high-
quality holes and to minimize thermal and mechanical damage by the term of “cold” 
ablation mechanism. 
In this project, efficient processes for femtosecond laser drilling of LTCC and 
GFRP PCBs for RF packaging were developed. A high drilling quality with no trace of 
dross, debris and reacting layer was achieved.  The effects of the laser parameters, 
including pulse energy, scanning speed, focal position, and pitch, on the hole quality, 
were investigated. A laser polishing process of LTCC was also developed since the 
reduction of surface roughness is of practical importance for achieving low microwave 
loss.    
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1.1 Research Motivations 
A Laser “light amplification by simulated emission of radiation” is a device that 
emits light through a process of optical amplification based on simulated emission of 
electromagnetic radiation. [1] A Laser emits a coherent and amplified beam of 
electromagnetic radiation that can propagate in a straight line. The rapid development of 
lasers with a wavelength ranging from the ultraviolet to the infrared range, pulse duration 
from nanosecond (ns) to femtosecond (fs) has led to wide-range applications. Laser 
material processing has evolved since 1960 and revolutionized many industries by 
providing innovative solutions in numerous industrial engineering applications, including 
welding, heat treatment, laser forming, shock peening, micromachining, and nano-
processing. [2] High-intensity short or ultrashort laser pulses are a powerful energy 
source for creating features in diverse materials by precise ablating with little or no 
collateral damages. [3] Laser material processing has several advantages over 
conventional material processing techniques: 1. As a non-contact thermal process, it 
eliminates problems associated with mechanical processing, such as contamination of the 
workpiece; 2. The operation cost is low due to avoidance of tool wear; 3. The heat effect 
on the surrounding areas minimized during laser processing attributed to the short 
interaction time and high intensity. [4] 
One of the growing laser applications is laser drilling. The advantages of using 
lasers against conventional methods for drilling include the ability of drilling holes with 
high quality and precision, and reduced processing time to meet industry growing 
requirements and standards. Holes with dimensions in the order of microns with high 
aspect ratios (depth-to-diameter ratio much higher than 10) can be drilled using lasers.  
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Laser drilling has been employed in applications such as jet engine turbine 
airfoils, aerospace turbine-engine cooling holes, automotive, and medical industries. [5] 
Laser processing quality highly depends on laser parameters (wavelength, pulse duration, 
fluence, repetition rate, etc.), material properties (thickness, shape, chemical composition, 
hardness, and physical properties.). Thermal distortion creates a heat affected zone 
(HAZ) near the drilling zone if the temperature rises above the critical transformation 
point, leading to issues such as wall damage, micro-cracks, and debris.  Laser drilling 
creates more stresses in material than other conventional methods such as waterjet 
cutting. [6] 
The primary goal of this research is to develop efficient processes for fs laser 
drilling of low-temperature co-fired ceramic (LTCC) and printed circuit boards (PCBs) 
for radio frequency (RF) electronic packaging. High drilling quality with no trace of 
dross, debris and reacts layer was achieved. Another process developed in this research 
work is laser polishing of LTCC. 
This project aims to further advance laser processing of LTCC and PCBs for RF 
electronics packaging applications and extends the understanding of the processes. It is 
intended to develop a process capable of achieving high-quality drilling by studying 
different types of lasers, laser parameters and processing strategies for quality 
improvement. 
The objectives of this research are summarized as follows: 
 To investigate the fundamental characteristics of fs laser micromachining of LTCC 
and GFRP PCBs. 
 To investigate the effects of laser parameters on the laser drilling quality. 
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 To demonstrate the capability of fs laser drilling of LTCC and GFRP PCBs. 
 To develop a high quality (HAZ-free, crack-free) fs laser drilling processes for LTCC 
and GFRP PCBs.  
 To demonstrate the capability of polishing LTCC using different types of lasers 
including continues-wave and pulsed lasers. 
 
1.2 Thesis Outline 
The most significant contributions of this dissertation carried out at Laser-
Assisted Nano Engineering (LANE) lab – UNL are: 1) Developing a process for fs laser 
drilling of LTCC, 2) Developing a process for laser polishing of LTCC, and 3) 
Developing a process for fs laser drilling of PCBs. 
This dissertation includes six chapters. In chapter 1, the motivations of this study 
are detailed, and the dissertation outline provided. In chapter 2, laser processing 
fundamentals and its capabilities reviewed. Advantages of laser material processing 
described. The fundamental laser drilling mechanisms are also reviewed, including laser-
matter interaction, the critical process parameters, and characteristics of laser drilling. 
The critical parameters of laser drilling were elaborated so that the relevant principles 
underlying the process are identified. The experimental equipment employed in this 
research work including the laser systems and characterization equipment was described.  
In chapter 3, the experimental work carried out on fs laser drilling of LTCC and the 
influence of different laser parameters on the drilling quality characteristics was studied. 
High-quality drilling with no damage and free HAZ were achieved by optimizing the 
processing parameters. In chapter 4, fs laser drilling on PCBs with a gas assisted focusing 
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system was demonstrated, and the influence of different laser parameters on the drilling 
quality was investigated. In chapter 5, laser polishing of LTCC was demonstrated. The 
characteristics of laser interaction with the material were discussed. The influence of 
different laser systems on the polishing quality was investigated. The optimized polishing 
parameters were presented. Finally, a summary of this research work was provided, and 
recommendations for future research were discussed in chapter 6. 
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Chapter 2: Background and Reviews 
 
 
2.1 Introduction 
2.2 Laser Material Processing 
2.3 Laser Drilling 
2.4 Mechanism of Laser Ablation 
2.5 Experimental Apparatus and Analytical Equipment  
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2.1 Introduction 
This chapter introduces laser systems and laser processing fundamentals. As the 
major topic of the thesis, laser drilling was discussed in a separate section because of the 
unique characteristics of the process. A detailed description of laser drilling mechanism 
was provided to understand the essential process characteristics and material removal 
mechanisms. Types of lasers used in laser machining were also introduced. The critical 
parameters and quality characteristics typically considered in laser drilling were 
discussed. 
 
2.2 Laser Material Processing 
The laser is a coherent and amplified beam of electromagnetic radiation that can 
propagate in a straight line. The key element in making a practical laser is the light 
amplification achieved by stimulated emission due to the incident photons of high 
energy. Laser light differs from ordinary light because it has photons of the same 
frequency, wavelength, and phase. [7] Thus, unlike regular light, the laser beam is highly 
directional with high power density and high focusing characteristics. The laser generates 
electromagnetic radiation with a wavelength ranging from the ultraviolet to the infrared 
range. [8] The power generated by the laser can be as low as 1 mW and as high as 100 
KW. Laser power could be delivered to a focus position with a precise spot 
size/dimension and spatial/temporal distribution on a given substrate. [9] At the same 
time, the monochromatic, coherent, and low divergence properties of the laser enable 
them to produce high energy concentrations.  When a laser beam is focused, it works as a 
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source of intense heat. As a result of its unique properties, the laser can be used to heat, 
melt, and vaporize materials for a wide range of applications. Industrial laser applications 
include deposition, welding, cutting, removal, and alteration of material property through 
changing its configuration. [10] The key parameters that affect processing quality include 
beam power, wavelength, beam form (continues or pulsed), beam distribution and beam 
quality. This chapter describes the principle of laser material processing and provides an 
overview of its engineering applications.  
 
2.2.1 Advantages and Disadvantages of Laser Material Processing 
Laser material processing has several advantages over conventional machining 
techniques. Meanwhile, lasers have a number of disadvantages that make them less 
suitable for specific applications. The advantages and disadvantages of laser processing 
are discussed below [8-10-11]:  
Advantages:  
 The high-intensity laser beam, as a highly localized heating source, minimizes the 
heat effect on the surrounding areas attributed to the ability to focus the beam to a 
small size. Meanwhile, it offers high geometry accuracy, and capability to achieve 
features as small as 1 micrometer with submicron tolerances. 
 Due to the non-contact nature of the process, laser processing does not require 
clamping of the workpiece, avoiding the mechanical damage and contamination from 
the clamping. It also reduces operation costs by avoidance of tool wear.   
 Ease of automation and control. The beam power can be easily manipulated by 
controlling the current through the electric discharge. At the same time, laser 
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machining processes are easy to automate with computer numerical control (CNC 
machining) and robotic processing, which provides high control over the dimensions 
and speeds of the process.  
 Laser machining provides high accessibility using mirrors and fiber optic cables.  
 Laser machining systems are highly flexible and can be configured to perform 
different processes (cutting, drilling, welding, and engraving).  
Disadvantages: 
 Relatively high capital investment. The capital cost needed to purchase a laser can be 
considerable. 
 Low power efficiency, and energy waste while the laser is not in continuous use. 
 The laser beam is harmful if it comes in contact with human workers. It can cause 
severe burns if it happens accidentally. 
 
2.2.2 Laser Processing Applications  
Laser processing has been used in the automobile, shipbuilding, aerospace, steel, 
electronics, and medical industries for precision machining of complex parts. [12] The 
main laser processing applications include: drilling, cutting, turning/ milling, welding, 
cladding, marking, surface treatment, and micromachining. Micromachining refers to 
machining of features having dimensions below 1 mm. Ultrashort pulse lasers (pulse 
duration varies from ns to fs) have been shown to be an attractive option for the high-
quality micromachining of many materials due to their ability to minimize damage and 
precise processing. [13] 
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Laser drilling has become the accepted economical process for drilling thousands of 
closely spaced holes. Three types of laser drilling exist: single-pulse/multi-pulse 
percussion drilling and trepanning drilling. Trepan drilling involves cutting around the 
circumference of the hole to be generated, whereas percussion drilling ‘punches’ directly 
through the workpiece with no relative movement of the laser or workpiece. [10] 
Laser cutting has found applications in punching, cutting and marking of metals, 
ceramics, and plastics. Laser cutting is superior to other conventional or non-
conventional cutting techniques because of material versatility, no wear or change of tool, 
high material utilization, production flexibility, high accuracy, and edge quality. [14] 
Three types of laser cutting exist: fusion cutting, sublimation cutting, and photochemical 
ablation. Fusion cutting involves localized melting of the base material, which is then 
ejected using high-pressure assist gas. The assist gas could be oxygen, which reacts with 
the material and provides energy to support the process, or it could be an inert gas. In 
sublimation cutting, a pulsed beam is utilized to vaporize along the cutting seam of the 
workpiece. The vaporized material is ejected using an inert assist gas. In photochemical 
ablation, an ultraviolet laser beam is utilized to irradiate a very thin layer near the surface 
of an organic material. Since organic materials tend to absorb ultraviolet radiation 
efficiently, the molecular bonds break, leading to the material removal of the irradiated 
area. [15]  
Laser turning and milling is a three-dimensional process that requires two lasers to get 
the desired profile in the workpiece. The beams are focused at desired angles with the 
help of fiber optics. Laser milling allows the production of parts with complex shapes 
without expensive tooling. Laser milling is most suitable for machining parts with one-
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sided geometry or partial machining of components from one side only. Complete laser 
milling of parts is also possible but accurately re-positioning the work-part is a big 
challenge. [16]   
Laser welding is advantageous over conventional welding processes in that it welds at 
faster speeds and higher weld strength. [17] 
Laser cladding is used to coat weak parts with a harder material to improve the surface 
quality. Recently, laser cladding was used to produce ceramic-metal composite coatings 
that have low dilution, a dense microstructure, metallurgical bonding to the substrate, 
high wear resistance, and high corrosion resistance. [18] 
 
2.2.3 Types of Laser Systems 
To optimize laser processing for specific applications and materials, it is essential 
to select a suitable laser. The correct laser needs to be chosen to optimize the principal 
process parameters, which include the laser wavelength, beam power, beam distribution, 
beam form (continuous or pulsed), and the beam distribution.  
Lasers consist of three principal parts: active medium to provide gain, an optical cavity to 
enhance and control the optical field, and a pumping source to provide the energy. The 
gain medium is a material with properties that allow it to amplify light with stimulated 
emission.  Additional provisions for cooling the mirrors, guiding the beam, and 
manipulating the target are necessary to facilitate material processing. [19] The type of 
laser and its wavelength depend on the laser medium. The laser medium could be a solid 
(e.g. Nd: YAG), liquid (e.g. dye) or gas (e.g. CO2, He/Ne). [20] There are different types 
of lasers used in material processing including carbon neodymium-doped yttrium 
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aluminum garnet (Nd: YAG) lasers, dioxide (CO2) lasers, ultra-short pulse Ti: Sapphire 
lasers, ytterbium-doped fiber lasers, and excimer (KrF, ArF, XeCl) lasers. [21]  
 
2.3 Laser Drilling 
Laser drilling is the process of creating thru-holes by applying a focused laser 
beam to heat up the material to its melting point or vaporization temperature. Depending 
upon material thickness and properties, very small diameter holes can be achieved (of the 
order of microns) using laser drilling, which in return results in high aspect ratios. Laser 
drilling has become the accepted economical process for drilling thousands of closely 
spaced holes. Laser drilling has been used in such applications as jet engine turbine 
airfoils, aerospace turbine-engine cooling holes, automotive, and medical industries and 
sectors. [5] The main beam characteristics that influence laser drilling process are: 
wavelength, reputation rate (number of pulses per second), pulse duration, pulse energy, 
and beam quality.  
 
2.3.1 Methods of Laser Drilling 
Four types of laser beam drilling exist, as shown in Fig. 2.1:  
1.  Single-pulse (one center) drilling. 
2.  Percussion drilling.  
3. Trepanning drilling. 
4. Helical Drilling. 
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Figure 2.1: Schematic illustration of laser drilling strategies. [22] 
Single-pulse drilling: The process involves applying a laser beam with a pulse duration 
of about 1 ms, and energy of several joules. At its focusing point, the beam results in 
peak power of the order of 100 KW. The material in contact with the laser beam absorbs 
the laser beam, partly melts, and partly evaporates. The melted and evaporated material is 
blown out of the hole using a gas assisted system. Single-pulse drilling requires very high 
pulse energy to drill deep holes by reducing the laser frequency with low productivity. 
Single-pulse drilling is best used for applications requiring holes with a small thickness. 
[23,24,25] 
Percussion drilling: The process involves applying a series of laser pulses with low 
pulse energy and short pulse duration. Due to the low peak power required in the process, 
the amount of molten material and plasma produced is minimized, which in return results 
in improved hole quality and reduced wall taper. This allows percussion drilling to realize 
the desired drilling depth with thicker materials. The created holes are deeper, more 
precise, and have a smaller diameter than those obtained using single-pulse drilling. The 
evaporated material is ejected out of the hole by the excess pressure of the gas in the hole. 
[23,24,25] 
Trepanning: Trepanning drilling is a combined drilling and cutting process that is 
capable of producing large diameter holes. It involves cutting around the circumference 
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of the hole to be generated. The laser beam travels over the hole area in increasingly 
larger circular tracks to ablate the whole surface area. The material produced is blown 
away downward. Larger diameter holes with improved quality can be obtained. 
[23,24,25]  
Helical Drilling: Helical drilling is a drilling technique that breaks up the process into a 
multitude of ablation steps to enhance the accuracy. In contrast to trepanning, the helical 
drilling reaches the breakthrough only after many turns of spiral describing the path of 
the ablation front. Helical drilling has the following favorable effects on drilling 
accuracy: more deviation from circular geometry can be reduced than trepanning; the 
load on the opposite walls is minimized; and most importantly, recast layers as observed 
in percussion drilling can be greatly reduced or completely avoided. The beam path is not 
limited to circular geometry. With suitable optical systems like scanners or by movement 
of the workpiece, any shape can be formed. [24,25] 
 
2.3.2 Laser Drilling Process Parameters 
The properties of the processed material and the required quality and geometry of 
the drilled holes are the two main factors which determine the type of laser selected for a 
given drilling application. The main laser drilling parameters are:  
1. Beam parameters.  
2. Drilling characteristics. 
3. Process defects.  
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Beam parameters:  
The main beam parameters that influence laser drilling process are: (a) frequency 
(number of pulses per second). (b) Pulse energy: Generally, hole depth increases as 
increasing the pulse energy. At the same time, high pulse energy leads to deformation at 
the entrance surface of the hole, and therefore reducing the quality. (c) Pulse duration: 
The hole quality generally improves with shorter beam pulses, while the number of 
pulses required to drill a hole increases too. (d) Beam quality: Higher quality beam 
enhances the hole quality for small diameter holes due to its small diameter and long 
focus depth, allowing longer penetrating depth. [23] 
Drilling characteristics:  
The main characteristics of laser drilling are: (a) hole diameter: Holes with a 
diameter in the range of m to mm can be achieved using laser drilling. It could be 
challenging to maintain the depth of focus to create holes with a diameter smaller than 2 
m. (b) Drilling angle: It is the angle between the beam axis and the workpiece. The 
beam power density is maximized at a drilling angle of 90o. (c) hole depth.  
Process defects:  
The quality of the drilled hole is affected by the HAZ, taper, and microcracks. 
Thermal distortion creates a HAZ if the temperature rises above the critical 
transformation point, resulting in microcracks (see Fig. 2.2).  
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Figure 2.2: SEM images of laser processing defects due to HAZ: (a) cracks, and (b) 
melting. 
 Heat affected zone in laser drilling is localized near the drilling zone. Erosion of molten 
and vaporized material from the hole and the conical shape of the laser beam result in the 
tapering of the drilled hole (see Fig. 2.3). The taper degree depends on the pulse energy 
and pulse duration. Taper decreases when the effective focal length of the laser decreases. 
Tapering is a critical issue for deep hole drilling, while it can be ignored for very small 
hole depths. Another common defect in laser drilling is recast, which is caused by the 
remaining of the re-solidified excess molten and vaporized material that is not entirely 
removed.  
 
Figure 2.3: SEM cross-sectional image of a tapered hole. 
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2.4 Mechanisms of Laser Ablation 
Laser ablation is a process of precise material removal by irradiating with 
a laser beam. The ablation of materials occurs above specific threshold fluence. The 
magnitude of threshold fluence depends on laser beam parameters such as pulse duration, 
energy, and wavelength, along with the target material properties, microstructure, surface 
morphology and the presence of defects. [26] With long laser pulses, much of the pulse 
energy contributes only to heating the sample surface, and the heat spreads into the 
surrounding area and contributes to the formation of a HAZ. With a short pulse duration, 
a higher proportion of the pulse energy is delivered above the threshold power level, 
maximizing processing while minimizing the HAZ (see Fig. 2.4). 
 
Figure 2.4: The effects of pulse duration on laser ablation. [27] 
When multiple pulses are used for laser ablation, the ablation thresholds decrease due to 
incubation effect. [28] Femtosecond laser ablation has an important advantage compared 
with ablation using longer pulses because it removes material with little or no collateral 
damage. [29] 
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Laser Ablation with Femtosecond Laser: 
The main advantage of fs laser ablation comes from the timescales involved in 
material interactions with the fs pulses. For fs lasers, electrons are excited up to a few to 
tens of electron volts in tens of femtoseconds, while energy transfer from electrons to 
ions occurs in the order of picoseconds. Therefore, the laser energy is absorbed by the 
electrons, leaving the ions cold, and thermalization takes place after the laser pulse is 
gone. This leads to significant reduction in thermal damage, and HAZ. [30]  
Femtosecond laser energy is absorbed by electrons during the pulse irradiation. 
The two primary ionization mechanisms are: 1) multiphoton ionization and 2) avalanche 
ionization. A fs laser can achieve very high intensities (typically > 1013 W/cm2), at which 
seed free electrons are generated by multiphoton ionization. Multiphoton ionization 
occurs because of the high photon flux of fs laser, which leads to several photons of 
energy below the ionization threshold “simultaneously” striking a bound electron. When 
the total energy of the absorbed photons is higher than the ionization threshold, the bound 
electron is freed from the valence band. On the other hand, impact ionization occurs 
when an electron with sufficient kinetic energy obtained by absorbing photons, transfer 
part of its energy to a bounded electron by collisions to overcome the ionization potential 
and produce two free electrons. Consequently, the free electrons absorb photons and 
generate more free electrons from the bound electrons. Such a series of impacts is called 
avalanche ionization, where free electron density exponentially increases. Avalanche 
ionization strongly depends on free electron density. [31] The dissipation of the absorbed 
energy in bulk material, and the corresponding material removal takes place mostly after 
the laser pulse duration.  
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Figure 2.5: (Right) Long laser pulses deliver a high amount of heat that spread        
throughout the workpiece causing micro-cracking and melting. (left) Ultrafast lasers 
remove material by a cold process, eliminating cracking and HAZ (right). [32] 
The two major mechanisms of fs material removal are: 1) thermal vaporization, 
where the electron-phonon collisions increase the local temperature above the 
vaporization point, and 2) Coulomb explosion, where excited electrons are ejected from 
the target surface and form a strong electric field, the resultant electric field pulls out the 
ions out of the target, which results in removing several nanometers of the lattice within 
the skin depth. [33] According to these two mechanisms of material removal, fs laser 
ablation can be divided into two regimes: strong ablation dominated by thermal 
vaporization at intensities significantly higher than the ablation threshold, and gentle 
ablation governed by the Coulomb explosion at intensities near the ablation threshold. 
[34]  
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2.5 Experimental Apparatus and Analytical 
Equipment  
The samples were subject to several characterization methods. Field-emission 
scanning electron microscope (FE-SEM), laser scanning microscope, and three-
dimensional (3D) optical profiler were used to evaluate the morphology and quality of 
the machined structures. The following paragraphs provide a brief description of the 
characterization techniques employed throughout this study. The physical principles and 
the major elements constituting the equipment are detailed. 
 
2.5.1 Field-Emission Scanning Electron Microscopy (FE-SEM)  
One benefit of using an FE-SEM to analyze surface features is the ability to 
obtain a high magnification and high-resolution image that provides a two-dimensional 
(2D) image of the 3D structures. An FE-SEM is a microscope that works with electrons. 
Electrons are generated by a field emission source. The sample is placed in a high 
vacuum chamber, allowing electron movement along the column without scattering and 
preventing discharges inside the gun zone. Afterwards, the sample is scanned with a 
beam of accelerated electrons to image its surface. Emitter type is the main difference 
between the SEM and the FESEM. Traditional SEM systems use thermionically emitted 
electrons generated from a heated tungsten (W) or lanthanum hexaboride (LaB6) 
filament; while an FE-SEM uses field emission gun (FEG) as a source of electrons. A 
field emission gun is a wire of W fashioned into a sharp Field emitting tip, the tip is held 
at a very high potential to an electrode. The potential is so large that the electrons are 
released from the tip of the emitter. [35] Once the electrons are released, they are sent 
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through electromagnetic lenses, which use varying magnetic fields to deflect and focus 
the charged particles. After focusing, the beam goes through a series of deflector plates, 
which are used to scan the beam over the surface of the sample. The electron beam 
interacts with the sample and produces secondary electrons, which are picked up and 
interpreted by a detector. [36] In this research, we used a Hitachi 4700 FE-SEM system 
(see Fig. 2.7). The Hitachi 4700 FE-SEM system has a magnification range: 20 up to 
500,000× magnification and 1.2 nm resolution. The samples are bombarded with 
electrons accelerated at a high voltage under a vacuum of 10-9 torr.  
 
Figure 2.6: Hitachi 4700 FE-SEM system. 
2.5.2 Keyence Laser Scanning Microscope VK-X200K 
The laser scanning microscope used for this work was a Keyence VK-X200K 
laser scanning microscope (see Fig. 2.8). The VK-X200K laser scanning microscope is a 
confocal laser scanning microscope. It provides non-contact, nanometer-level profile, 
roughness, and film thickness data on any materials without the need for sample 
preparation. Keyence VK-X200K laser scanning microscope builds a 3D composition of 
a surface and measure parameters from the composition. One key feature of a confocal 
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microscope is that a pinhole is placed in front of the photoreceptor. The optics are tuned 
such that light from the focal point of the beam interacting with the sample can pass 
through the pinhole. This means only a slice of the 3D structures imaged by the sample 
can be in focus at once and the remaining light is blocked out. Two-dimensional images 
are taken point-by-point by moving the sample vertically and changing the level at which 
the sample is observed. The VK-X200K is capable of creating 3-D images with 0.5 nm 
resolution steps between each 2D slice. [37] 
 
Figure 2.7: VK-X200K laser scanning microscope. 
2.5.3 Zygo NewView 8300 3-D Optical Profiling System 
The surface roughness and structure height were determined using a Zygo 
NewView 8300 3D Optical Profiling System (see Fig. 2.9), a white light interferometer 
system. It offers fast, non-contact, high-precision 3D metrology of surface features. 
It includes proprietary data analysis and system control software Mx™ software.  The 
profiler uses Coherence Scanning Interferometry (CSI). The system is capable of 
measuring a wide range of surface types, including smooth, rough, flat, sloped, and 
stepped. The profile heights with a range from < 1 nm up to 20000 µm, at high speeds, 
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independent of surface texture, magnification, or feature height. It offers surface 
topography repeatability of 0.12 nm.  
 
Figure 2.8: Zygo NewView 8300 3-D Optical Profiling System. 
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3.1 Introduction 
Low-temperature co-fired ceramic is difficult to machine due to its brittle failure 
and crack on finished surfaces. Low-temperature co-fired ceramic has been machined 
using various advanced machining processes such as micro punching, mechanical milling 
and electrical discharge machining (EDM). [38] The above methods are limited due to 
disadvantages, such as low material removal rate, expensive tool, high tool wear, time-
consuming, and low surface finish. Femtosecond laser processing offers unique 
advantages, such as high-precision material processing, thereby providing the potential 
for efficient drilling of deep holes with reduced recast/microcracks, and no HAZ. 
In this work, femtosecond laser drilling of LTCC was demonstrated, and two fs 
laser systems were employed for LTCC drilling in ambient air: a fs Ti: Sapphire laser and 
a fiber fs laser system. The effects of the laser parameters, including pulse energy, 
scanning speed, focal position, and pitch, on drilling quality, were investigated. The 
shape and morphology of the holes were characterized and evaluated using laser 
microscope and SEM. The hole taper and the HAZ were evaluated. The influence of the 
experimentally controllable parameters on the measured outputs was analyzed and 
discussed. Debris-free holes with good roundness, straight and clean trench edges and no 
thermal damage were achieved.  
 
 
 
 
 
26 
 
 
3.2 Material Properties  
Low-temperature co-fired ceramic stands for a ceramic substrate system, which 
constituent materials are metal and ceramic. The ceramic is co-fired with metal wiring at 
low temperature.  Its low sintering temperature (approximately 900°C) allows co-firing 
with highly conductive metals such as silver and gold. Printed gold and silver conductors 
or alloys with platinum or palladium are used in general.  
The excellent mechanical and electrical properties of LTCC substrates, combined 
with the ability to embed passive components and to apply fine line patterning, offer 
superior RF performance and device miniaturization for high-frequency applications. 
Further features like the application of heat sinks, frames and nail head pins by brazing 
allow for hermetic and highly complex packages.  Due to its unique properties, LTCC 
materials provide superior performance in applications as diverse as military radar, 
imaging systems, advanced automotive sensing, telecommunications, and satellites. [39] 
 
3.3 Ti: Sapphire Femtosecond Laser Drilling of LTCC 
3.3.1 Experimental Setup  
Figure 3.1 shows the schematic of the fs laser drilling setup. The drilling source 
was a Ti: Sapphire fs laser system equipped with an amplifier (Legend F, Coherent Inc., 
150 fs, 1 kHz, 800 nm). An attenuator was used to tune the incident laser energy. The 
laser beam was focused to a spot of 10 µm in diameter using a 20× objective lens. The 
output collimated beam is a nearly symmetric Gaussian with M2 < 1.3, and a maximum 
output pulse energy of 1 mJ. Samples were placed on a linear motion XYZ stage. The 
stage has a travel range of 100 mm in the X-Y direction and 50 mm in the Z direction. 
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The maximum moving speed of the stage is 5000 mm/s with an accuracy of ± 2 µm.  The 
linear motion stage was controlled by computer software. A mechanical shutter has been 
used to switch the laser beam. A charge-coupled device (CCD) camera was placed along 
the optical axis and used to align the sample and obtain a live view of the laser 
processing. The process was performed in open air without any sample pre-treatment. 
 
Figure 3.1: (a) A photo, and (b) a schematic illustration of the Ti: Sapphire laser drilling 
experiment setup. 
3.3.2 Drilling Strategy 
In this study, helical drilling was used since it can generate large holes with good 
consistency and taper. Helical drilling was realized by using the linear translational stage 
with a plano-convex lens with a focal length of 100 mm. A number of passes were 
required for the complete drilling of the LTCC material. Figure 3.2 shows the path of 
laser scanning. The laser beam was vertically focused on the LTCC surface that was 
fixed in position. The LTCC sample was placed on the XYZ linear motion stage. The 
sample was guided using a horizontal rectangular wave scanning motion. The scanning 
line resulted in a rectangular cavity with a depth equal to the focal depth of the lens. 
Afterward, the sample was moved upward with a suitable pitch to reposition the laser 
28 
 
 
focal position on the top surface of the sample. Again, the sample was guided using a 
vertical rectangular wave scanning motion. The sequence was repeated until a through 
hole was obtained. All experiments were performed in ambient air and without shielding 
gas. The linear motion stage was controlled by a computer.                           
 
Figure 3.2: Illustration of the laser scanning path. 
3.3.3 Results and Discussion 
In order to optimize the drilling process, the effects of the laser parameters, including 
pulse energy, scanning speed, focal position, and pitch, on the drilling quality were 
investigated. The repetition rate, wavelength, and pulse duration were fixed and set to 1 
kHz, 800 nm, and 150 fs, respectively. Rectangular holes were drilled in LTCC with a 
thickness of 1.6 mm. 
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3.3.3.1 Process Defects and Problems Solved 
The quality of the drilled hole was affected by the HAZ, taper, and microcracks 
(see Fig. 3.3). The crack formation was caused by too much heat accumulation because 
the heat had no time to dissipate when the hole was drilled on a thick LTCC substrate. 
Heat accumulation created a HAZ near the drilling area when the temperature rose above 
the critical transformation point, resulting in microcracks and wall damage (see Fig. 3.3 
(c)).  Debris was observed on the entrance side (see Fig. 3.3 (b)). Debris formed when the 
material volume was removed from the hole during the drilling process. Since it is 
completely perforated, melt and vapor were driven out through the entrance side, which 
led to the contamination of entrance side. As shown in Figs. 3.3 (d) and (e), the surface at 
the entrance side was significantly contaminated with melt and condensed vapor. In 
particular, the edges were covered with debris (see Fig. 3.3 (b)). 
 
Figure 3.3: SEM detailed images of the drilling defects: (a) top view, (b) sidewall debris, 
(c) cracks, (d) edge sharpness, and (e) melting. 
3.3.3.2 Taper 
In laser helical drilling, a series of identical laser pulses were delivered to the 
drilling point until the hole was drilled through. As a diverging laser beam (after a focal 
point) propagated through the hole, wall absorption took place, and the laser power 
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density reduced as the hole depth increased, which in return resulted in the formation of a 
tapered hole. Also, the focused laser beam had a cone shape that produced a taper on the 
cut edges of the material. A process was investigated to reduce the hole taper.   
The taper was defined by Eq. (1) (Fig. 3.4).  
  Taper (°) =
D−d
2t
 ×  
180°
π
                                                    (1) 
where D is the hole entrance diameter, d is the hole exit diameter, and t is the material 
thickness.  
 
Figure 3.4: Schematic illustration of a hole profile and taper dimensions. 
3.3.3.3 Effects of Laser Pulse Energy  
The ablation depth using different laser pulse energies was investigated. A single-
line ablation test was performed, and the depth of the ablated material was plotted as a 
function of the laser pulse energy in Fig. 3.5. The test was performed with a fixed 
scanning speed of 200 µm/s and a focal position on top of the surface. 
The results show that the ablation rate increased linearly with the laser pulse 
energy. The maximum depth that was drilled with a single laser scan with a pulse energy 
of 500 µJ was 70 µm.  In order to maximize the drilling process efficiency, laser pulse 
energy of 500 µJ was used to drill the PCBs material. High laser intensities are required 
to rapidly drill a through-hole with fs pulses. The laser beam has a Gaussian distribution 
with the energy in the spot center is highest, and the energy in the spot edge is low. After 
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a through-hole was drilled, the high-intensity part of the laser pulse propagates directly 
through the hole without absorption. The laser energy was close to the ablation threshold 
at the edge of the laser spot. Therefore, soft ablation occurred at the laser spot edge with 
only a small amount of material removed. Since only a small layer of material was 
removed from the walls, soft ablation was equivalent to a “polishing effect,” remarkably 
improving the wall quality.  
 
Figure 3.5: Ablation depth plotted as a function of laser pulse energy at a fixed scanning 
speed of 200 µm/s. 
3.3.3.4 Effects of Focal position 
Focus position determines the beam spot size and the laser power density on the 
sample surface. Laser power density plays a key role in the formation of the HAZ, wall 
quality, and drilling efficiency. The optimization process for the focus position was thus 
conducted at a laser pulse energy of 500 µJ, scanning speed of 1 mm/s, and a pitch of 50 
µm. Holes were drilled with different focal positions. Figure 3.6 describes the focal 
position relative to the workpiece surface. A negative focal position stands for a focal 
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position above the workpiece surface. A positive focal position stands for a focal position 
below the workpiece surface. 
  
Figure 3.6: Illustration of the focal position relative to the workpiece surface. 
For holes drilled with focal positions of +500 µm and -500 µm, obvious processing 
defects, including wall damage and debris were observed (see Fig. 3.7). This could be 
attributed to the fact that with focal positions of +500 µm and -500 µm, the laser was out 
of focus, which led to incomplete material removal due to insufficient laser power. For 
holes drilled with focal positions of 0 and -100 µm, better sidewall quality was observed 
(see Fig. 3.7).   
 
Figure 3.7: SEM cross-sectional image of holes drilled with different focal positions 
relative to the workpiece surface. 
The optimized sidewall quality was obtained with a focal position 200 µm above 
the workpiece surface. At a -200 µm focal position, the Gaussian beam achieved larger 
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kerf width, allowing more material to be removed during the drilling process, which 
increased the final drilling quality. An SEM cross-sectional image of a hole drilled at a 
focal position 200 µm above the workpiece surface with laser pulse energy of 500 µJ, a 
scanning speed of 1 mm/s, and a pitch of 50 µm is shown in Fig. 3.8. Clean walls with no 
HAZ and no taper with sharp edges were achieved.  
  
Figure 3.8: SEM cross-sectional image of a hole drilled with a focal position 200 µm 
above workpiece surface and high magnification images of different locations of the hole.  
3.3.3.5 Effects of Pitch 
The location of the tightly-focused laser spot, where the laser power density is 
highest, was strategically and precisely moved to keep the drilling process consistent for 
each hole from top to bottom and from hole to hole. We found that the optimal starting 
location at a focal position of 200 µm above the work surface. Maintaining the location 
of the laser focal spot relative to the workpiece has been a challenge since there has not 
been a way to measure it dynamically. To maintain a fixed distance of the laser focal spot 
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relative to the workpiece during the drilling process, the focal position started above the 
surface and moved down to the bottom surface step-by-step by “Pitch.” The focal 
position was moved after each drilling loop, where “n” is the total drilling loops (see Fig 
3.9). 
 
Figure 3.9: Schematic illustration of the movement of the laser focus position during the 
drilling process. 
To find the optimal pitch for the drilling process, rectangular holes were drilled at 
different pitches. The drilling was conducted with pitch steps of 50, 100, and 500 µm at a 
laser pulse energy of 500 µJ, a scanning speed of 1 mm/s, and a focal position of 200 µm 
above the sample surface. Pitch affects the sidewall quality. If the pitch was too large 
(100 µm and above), the rate of ablation depth was slower than the movement of laser 
focal point, leading to a closed end hole (see Fig. 3.10 (c) and 3.10 (d)). Meanwhile, the 
insufficient laser power led to the formation of dross due to incomplete material removal. 
The smaller the pitch, the higher the sidewall quality is. The optimal pitch was found to 
be 50 µm (see Fig. 3.10 (b)).  
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Figure 3.10: (a) SEM top image of a hole drilled at a pitch of 50 µm, and SEM cross-
sectional images of holes drilled at different pitches: (b) 50, (c) 80, and (d) 100 µm. 
3.3.3.6 Effects of Laser Scanning Speed 
To investigate the effects of scanning speed on the drilling quality, rectangular 
holes were drilled with different scanning speeds. The drilling was conducted at scanning 
speeds from 1 to 2.5 mm/s for different round numbers until the substrate was drilled 
through. The laser pulse energy was set at 500 µJ with a focal position of 200 µm above 
the sample top surface and a pitch of 50 µm. Figure 3.11 shows the hole drilled with 
different scanning speeds. The higher the scanning speed is, the more efficient the 
drilling is. Drilling at a higher speed of 1.5 mm/s took less time to drill through the 
substrate, whereas drilling at a slower speed of 1 mm/s took a longer time to drill through 
the substrate. However, it was also found that drilling at higher scanning speeds reduces 
the drilling quality in terms of sidewall quality and taper (see Figs. 3.11 (c) and (d)). At 
higher drilling velocities of 1.5 and 2 mm/s, there existed some cracks and debris on the 
sidewall associated with significant large hole taper (see Fig. 3.11 (d) and (e)). Also, with 
a scanning speed of 2.5 mm/s, the bottom side of the hole was not completely removed 
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(see Fig. 3.11 (e)). Whereas at slower drilling speed of 1 mm/s, no cracks were observed, 
and the hole taper was reduced. This could be attributed to the fact that the scanning 
speed determines the pulse number deposited in one laser spot area. At a low scanning 
speed, more pulses were delivered to a single spot and more laser pulses overlapped 
during scanning of the laser beam. This resulted in higher energy delivered to one spot, 
and higher ablation rate. While at high scanning speed, the ablation rate was lower, and 
the bottom side of the hole was not completely removed (see Figs. 3.11 (e)). 
Based on the above results, the optimal scanning speed was 1 mm/s. With a 
scanning speed of 1 mm/s, the drilling time of a hole in a 1.6 mm thick LTCC substrate 
took 37 minutes.  
  
Figure 3.11: (a) SEM top image of a hole drilled at scanning speed of 1 mm/s, and 
SEM cross-sectional images of holes drilled at different scanning speeds: (b) 1000, 
(c) 1500, (d) 2000, and (e) 2500 µm/s. 
3.3.3.7 Optimized Results 
In Fig. 3.12, SEM images of the top and bottom sides of a hole drilled in a 1.6 
mm thick LTCC substrate in the open air are shown. The hole was drilled using the 
optimized parameters: a laser pulse energy of 500 µJ, a focal position of 200 µm above 
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the sample top surface, a pitch of 50 µm, and a scanning speed of 1 mm/s. A difference in 
width between the top and bottom sides of the hole resulted from a slight taper. The taper 
was calculated to be 3o (see Fig. 3.12 (b)). 
 
Figure 3.12: SEM images of a hole fabricated in a 1.6 mm-thick LTCC plate using 
optimized parameters: (a) top view, and (b) a bottom view. 
As shown in Fig. 3.13, high-quality drilling with no visible microcracks in a 760 
µm square hole was achieved. A cross-sectional image of the hole shows minimal 
sidewall taper and clean overall appearance (see Fig. 3.13 (d)). Issues of taper angle (Fig. 
3.13 (b)), edge quality (Fig. 3.13 (e)), crack formation, and sidewall quality (Fig. 3.13 
(c)) were all solved with optimal drilling parameters. 
 
Figure 3.13: (a) SEM top image of a hole drilled using optimized parameters, and 
high magnification SEM images of different locations of the hole showing (b) taper, 
(c) sidewall, (d) surface, and (e) edge. 
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3.4 Fiber Femtosecond Laser Drilling of LTCC 
3.4.1 Experimental Setup 
The experimental setup used in this study is shown in Fig. 3.14. A near-infrared 
(NIR) fs laser (PolarOnyx Laser, Inc., Uranus 3200-1030-0800-PM, a central wavelength 
of 1030 nm, a pulse duration of 800 fs, pulse energy of 150 μJ, and repetition rate of 150 
kHz) was used as the irradiation source. The laser beam was focused onto a target at an 
incident angle of 90°. The focal spot diameter was about 10 µm. The output collimated 
beam was a nearly symmetric Gaussian. A 2D galvanometer scanner was used to focus 
and scan the laser beam on the sample. The galvanometer scanner has a working range of 
50×50 mm and a focal length of 70 mm, controlled by the computer for setting scanning 
speeds and patterns.  A mechanical shutter was used to switch the laser beam. A CCD 
camera was used to align the sample with a live view of the laser processing. The sample 
target was placed in open air without any pre-treatment. The setting of various parameters, 
the changing of the laser operating conditions, and the controlling of the scanner were all 
controlled using a computer. 
 
Figure 3.14: (a) A photo, and (b) a schematic illustration of the fiber fs laser drilling 
experiment setup. 
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3.4.2 Drilling Strategy 
In this study, helical drilling was used. The sample was scanned with pre-
determined circular pattern multiple rounds until the substrate was drilled through. The 
scanning path consisted of multiple circle partial filling pattern with specific pitch 
(distance) between the circles (see Fig. 3.15).  
 
Figure 3.15: Schematic illustration of the laser scanning path. 
A 2D galvanometer scanner was used to scan the laser beam on the sample. The 
galvanometer system moved a stationary laser beam using moving mirrors by making 
small adjustments in mirror angles to move the stationary laser beam in different 
directions within a specific marking area. 
 
3.4.3 Results and Discussion  
In this study, fiber fs laser drilling of 1 mm-diameter blind holes in a 1.6 mm 
LTCC substrate was demonstrated using double-side drilling strategy. Furthermore, this 
laser drilling process was able to process twelve holes at the same time using the 
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galvanometer scanner. The fiber fs laser processing is more economical and efficient than 
that using the Ti: Sapphire laser.  
 
3.4.3.1 Single-side Drilling 
As shown in Fig. 3.16, relatively large taper angle was obtained in the holes 
drilled using single side drilling strategy. The laser pulse energy was set at 150 μJ with a 
Z-movement speed of 3.8 µm/s, a scanning speed of 1000 mm/s, a pitch of 10 µm 
between the circles, and a focal position 200 µm above workpiece surface.  
As shown in Fig. 3.16 (a), the boundary of drilling holes on the entrance side was smooth 
while the boundary on the exit side had an irregular edge. This is due to the drilling 
debris was sputtered out during the drilling process.  
 
Figure 3.16:  SEM images of a hole fabricated in a 1.6 mm-thick LTCC plate using single 
side drilling: (a) top and (b) bottom view. 
As shown in Fig. 3.17, the formation of residue on the left side of the hole was observed 
while the right side of the hole was smooth and clean. The residue at one side of the hole 
was formed due to the air flow in the lab, leading to the accumulation of residue on the 
left side of the hole. 
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Figure 3.17: (a) SEM top image of a hole drilled using single side drilling, and high 
magnification images of (b) left edge, and (c) right edge. 
3.4.3.2 Drilling Speed 
To investigate the effect of scanning speed on taper formation, circular holes were 
drilled at different scanning speeds using the galvanometer scanner. The drilling was 
conducted at speeds from 250 to 1000 mm/s for various round numbers until the substrate 
was drilled through. The laser pulse energy was set at 150 μJ with a Z-movement speed 
of 3.8 µm/s and a pitch of 10 µm between the circles. Figure 3.18 shows the taper 
obtained at different scanning speeds. It was found that the drilling at higher scanning 
speeds produced holes with large taper, whereas drilling at a slower speed slightly 
reduced the hole taper.  
 
Figure 3.18: Hole taper plotted as a function of scanning speed.  
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This trend could be attributed to the fact that at a lower scanning speed, more pulses were 
delivered to a single spot and more laser pulses were overlapped during scanning of 
the laser beam. This resulted in higher energy delivered to one spot, and higher ablation 
rate during the drilling process.  
 
3.4.3.3 Double-side Drilling 
A double-side laser drilling strategy has been demonstrated to drill blind holes on 
LTCC substrates, with minimized taper. Laser drilling on the LTCC substrate from one 
side was carried out first; then the LTCC substrate was flipped and drilled from the other 
side at the same position to create a through-hole (see Fig. 3.19). The galvanometer 
scanner position accuracy was less than ±0.5 µm, enabling drilling of through-holes 
without displacement between the double-side drillings. The double-side drilling 
produced holes with minimum taper and high edge quality.  
 
Figure 3.19: Double side drilling strategy. 
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For double-side drilling, a hole was first drilled from the top side. The drilling 
was conducted using galvanometer scanner at a scanning speed of 1000 mm/s with a 
pulse energy of 150 μJ, a Z-movement speed of 10 mm/s, a pitch of 75 µm between the 
circles, and a focal position of 200 µm above the workpiece surface. As the drill from the 
top side finished, the LTCC substrate was flipped and adjusted to the same position under 
the galvanometer scanner. Drilling using the same parameters at the same position from 
the back side was performed to create a through hole. Before drilling the backside hole, 
the CCD camera and a rotation stage were used to make sure that the center of the hole 
was aligned correctly with the top side hole.  For the first step, the taper profile of a hole 
produced after the first step is shown in Fig. 3.20. The hole entrance and exit diameters 
were 1.02 and 0.65 mm, respectively. 
 
Figure 3.20: SEM images of a hole drilled after the first step during a double side drilling 
process: (a) top, and (b) bottom view.  
In the second drilling step, a through hole was produced. As shown in Fig. 3.21 the hole 
entrance and exit diameters were 1.02 and 1.02 mm, respectively. 
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Figure 3.21: SEM images of a hole drilled after the second step during a double side 
drilling process: (a) top, and (b) bottom view. 
 With the double side drilling, a through hole with a minimum taper was drilled as shown 
in Fig. 3.22, with a total drilling time of 2 minutes per hole. The hole had the same 
entrance and exit diameters of 1.02 mm. The taper was minimized but not eliminated 
completely (see Fig. 3.22.b). The hole diameter at the entrance started at 1.02 mm, then 
decreased to 0.85 mm in the midpoint of the hole, then increased again to 1.02 mm at the 
exit side.  The hole exit and entrance qualities were high with no debris and no HAZ 
observed. The thermal effects of the laser drilling were avoided due to the ultrashort 
pulse duration of the fs laser and the low overlap between pulses. Clearly, the taper issue 
was significantly reduced using double side drilling. The taper could be even further 
eliminated by employing higher laser power density. 
  
Figure 3.22: The profile of a hole drilled using double side drilling strategy: (a) a SEM 
cross-sectional image, and (b) a schematic illustration of the hole profile. 
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As shown in Fig. 3.23, LTCC drilling with clean wall surface, no visible cracks or HAZ 
was achieved with the optimal processing parameters. 
 
Figure 3.23: SEM images of a hole drilled using optimized parameters: (a) top, and (b) 
bottom view. 
3.5 Summary 
Femtosecond laser beam is a unique machining source. It offers high-intensity 
laser pulses in an exceedingly short time frame, which enables precise ablation of 
materials and a small HAZ. In this study, a systematic investigation on fs laser drilling of 
LTCC substrates was conducted. The effects of various laser processing parameters on 
the drilling quality of LTCC substrates in terms of HAZ, surface cleanness, cracks, recast 
layer and hole taper were studied. The optimal laser parameters were identified for 
drilling of LTCC substrates. High-quality laser drilling of LTCC substrates with a clean 
surface, no cracks, no recast layer and no delamination was demonstrated. Two lasers 
were employed to drill holes: 1) a Ti: Sapphire fs laser with a wavelength of 800 nm, and 
2) a fiber fs laser with a wavelength of 1030 nm.   
While both lasers showed the capability to produce high-quality holes, laser 
drilling with a fiber fs laser is more economical and efficient than that with a Ti: Sapphire 
laser with significantly reduced manufacturing time (Ti: Sapphire laser: 37 min/hole, 
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fiber laser: 2 min/hole). Debris-free straight holes with good roundness, clean trench 
edges, and no thermal damage were obtained. The developed laser drilling process of 
LTCC has potential applications in electronic devices.  
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4.1 Introduction  
Printed circuit boards are used in most electrical and electronic equipment. They 
are considered to be the base of the electronics industry.  The challenge of laser drilling 
and cutting of PCBs is related to its material composition. Typical composition would be 
an insulating layer of glass epoxy resin sandwiched between two copper conductive 
layers. Since the two materials have very different properties, refined process control is 
required to drill holes in PCBs at high speed and with high quality.  In this study, fs laser 
drilling of GFRP PCB substrates was reported. The effects of various laser parameters on 
the laser-drilled hole quality were studied. The samples used in this study were made of 
GFRP PCBs material. They were 1.4 mm thick GFRP clad on both sides with 50 µm 
copper foil (see Fig. 4.1).  
  
Figure 4.1: SEM cross-sectional image of a PCBs. 
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4.2 Material Properties  
Printed circuit boards function to mechanically support and electrically connect 
electronic components using conductive tracks, pads and other features etched from 
copper sheets laminated onto a non-conductive substrate. [40] Individual electronic 
components (semiconductor, diodes, transistors, capacitors, resistors, inductors or active 
devices) are placed on the surface of the substrate and soldered to the interconnecting 
circuits. The base materials of PCBs are comprised of three components: the resin 
system, the reinforcement, and the conductive foil.  
4.3 Experimental Setup  
Figure 4.2 shows the schematic of the setup used for the experiment. The helical 
drilling source was a Ti: Sapphire fs laser system equipped with an amplifier (Legend F, 
Coherent Inc., 150 fs, 1 kHz, 800 J, and 800 nm). An attenuator was used to tune the 
incident laser energy. The laser beam was focused to a spot of 10 µm in diameter using a 
5× objective lens (a focal length of 35 mm).  
 
Figure 4.2: (a) A photo, and (b) a schematic illustration of the Ti: Sapphire laser drilling 
experiment setup. 
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The objective lens was enclosed in a gas flow chamber, with nitrogen (N2) used as 
the assistant gas (see Fig. 4.3). The output collimated beam was a nearly symmetric 
Gaussian with M2 < 1.3, and the maximum output pulse energy was 1 mJ. Samples were 
placed on a linear motion XYZ stage. The stage had a travel range of 100 mm in the X-Y 
direction and 50 mm in the Z direction. The maximum moving speed of the stage was 5 
m/s with an accuracy of ± 2 µm.  The linear motion stage was controlled by computer 
software. A mechanical shutter was used to switch the laser beam. A CCD camera was 
placed along the optical axis and used to align the sample with a live view of the laser 
processing. The samples were placed in open air without any pre-treatment. 
 
Figure 4.3: Illustration of the gas assisted focus system. 
4.4 Drilling Strategy 
During the drilling process, the laser beam was fixed whereas the sample was 
placed on a translation XYZ stage and moved in a pre-determined square path. Laser 
beam scanned on the sample surface along the edge of the square hole for multiple 
rounds until the PCB was drilled through (see Fig. 4.4). 
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Figure 4.4: Illustration of the laser scanning path. 
In order to maintain a fixed distance of the focused spot relative to the workpiece during 
the drilling process, the focal position started above the surface and moved down to the 
bottom surface step-by-step by “Pitch”. The focal position was moved after each loop, 
where “n” is the total drilling loops (see Fig 3.9). 
4.5 Results and Discussion 
In order to optimize the drilling process, the effects of the laser parameters, 
including pulse energy, scanning speed, focal position, and pitch, on the hole quality 
were investigated. The repetition rate, wavelength, and pulse duration were fixed and set 
to 1 kHz, 800 nm, and 150 fs, respectively. The rectangular holes were drilled in 1.5 mm 
thick PCBs. 
4.5.1 Effects of Laser Pulse Energy on Ablation Depth and Kerf 
Width 
The ablation depth and kerf width using different laser pulse energies were 
investigated. A single-line ablation test was performed, and the depth of the ablated 
material was plotted as a function of the laser pulse energy. The test was performed with 
a fixed scanning speed of 1 mm/s, and a focal position on the top surface. The results 
indicate that the ablation depth and the kerf width were influenced strongly by the laser 
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pulse energy. From Figs. 4.5 and 4.6, it is noticed that the ablation rate and the kerf width 
increased linearly with laser pulse energy.  
 
Figure 4.5: Ablation depth plotted as a function of the pulse energy at a fixed cutting 
speed of 1 mm/s. 
The maximum depth that was drilled with a single laser scan with a pulse energy of 700 
µJ was 42 µm, and the maximum kerf was 96 µm obtained at 700 µJ.  In order to 
maximize the drilling process efficiency, laser pulse energy of 700 µJ was used to drill 
the PCBs material.  
 
Figure 4.6: Kerf width plotted as a function of the pulse energy at a fixed cutting speed of 
1 mm/s. 
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4.5.2 Effects of Scanning Speed  
In order to investigate the impact of scanning speed on the drilling quality, single 
line cuts at different scanning speeds were performed. The cutting was conducted at 
scanning speeds from 1 to 2.5 mm/s with a laser pulse energy of 700 µJ, a focal position 
on top of the sample surface, and a pitch of 40 µm. Figure 4.7 shows holes drilled at 
different scanning speeds. 
 
Figure 4.7: SEM top images of holes drilled in PCBs with laser pulse energy of 700 µJ at 
different scanning speeds: (a) 1, (b) 1.5, (c) 2, and (d) 2.5 mm/s. 
Cutting at a slower speed led to a higher ablation rate, whereas cutting at a higher 
speed of 2.5 mm/s led to a lower ablation rate (see Fig. 4.8). Meanwhile, slower scanning 
speeds led to larger kerf width compared to higher scanning speeds. This trend could be 
attributed to the fact that at low scanning speed, more pulses were delivered to a single 
spot. This resulted in higher energy delivered to one spot, and higher ablation rate.  
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Figure 4.8: Ablation depth plotted as a function of the scanning speed at a fixed laser 
pulse energy of 700 µJ. 
To investigate the effects of the scanning speed on the final quality, rectangular 
holes were drilled at different scanning speeds. The drilling was conducted at scanning 
speeds from 0.5 to 2 mm/s for various round numbers until the PCB substrate was drilled 
through. Laser pulse energy was set at 700 µJ with a focal position on top of the sample 
surface, and a pitch of 40 µm.  Figure 4.9 shows laser-drilled holes at different scanning 
speeds. Slow cutting speeds led to the cavity on the sidewall. Fast speeds led to large 
roughness. This trend could be attributed to the fact that decreasing the scanning speed 
led to higher energy delivered to one spot, which in return increased the surface 
temperature. At higher scanning speeds, less energy was delivered to the surface on one 
spot, leading to the rough sidewalls. Balancing quality and efficiency, a scanning speed 
of 1.5 mm/s was selected as the optimal cutting speed for cutting 1.5 mm thick PCBs 
substrates. 
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Figure 4.9: SEM images of holes drilled at 700 µJ pulse energy with different laser 
scanning speeds: (a) 0.5, (b) 1, (c) 1.5, and (d) 2 mm/s. 
4.5.3 Effects of Focal Position 
The focal position of the laser beam, at which the intensity is the highest and the 
beam diameter is the lowest, affected the drilling quality and taper formation 
significantly. The optimization process for the focal position was conducted at laser pulse 
energy of 700 µJ, a scanning speed of 1 mm/s, and a pitch of 50 µm. Holes were drilled 
at different focal positions. Figure 3.6 describes the focal position relative to the 
workpiece surface. A focal position of “0” is corresponded to the sample surface, a 
positive value (+) is for a focal position below the surface, and a negative value (−) is for 
a focal position above the surface. SEM cross-sectional images of holes drilled with 
different focal positions at a laser pulse energy of 700 µJ, a scanning speed of 1 mm/s, 
and a pitch of 50 µm are shown in Fig. 4.10. For holes drilled with focal positions of 
+400 and +200 µm, processing defects, such as wall damage and forming of debris, were 
observed. For drilling with focal positions of 0 and -200 µm, holes with better sidewall 
quality were obtained (see Fig. 4.10).  The optimal sidewall quality was obtained with a 
focal position of -200 µm. Clean walls with no HAZ and no taper with sharp edges were 
observed. 
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Figure 4.10: SEM cross-sectional images of holes drilled at laser pulse energy of 700 µJ 
with different focal positions relative to the workpiece surface: (a) -400, (b) -200, (c) 0, 
(d) 200, and (e) 400 µm. 
Figure 4.11 shows a top surface view of the holes drilled with different laser focal 
positions. The results show that the focal position had less effect on top surface quality. 
Meanwhile, the variation in taper profile with the focal point position shows that there 
was an optimal focal point position, which produced a minimum taper (see Fig. 4.12).  
 
Figure 4.11: SEM images of a top view of holes drilled at laser pulse energy of 700 µJ 
with different focal positions relative to the workpiece surface: (a) -400, (b) -200, (c) 0, 
(d) 200, and (e) 400 µm. 
Drilling with laser-focused above the PCBs surface led to smaller hole taper 
values: 3.3 o at a focal point position of -200 µm, and 3.6o at -400 µm, respectively. On 
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the other hand, the taper increased as the focal point position moved below the surface, 
5.2o at a focal point of +200 µm, and 5.8o at +400 µm, respectively. The optimal focal 
point position that produced the smallest taper profile for the drilling of the 1.5 mm PCBs 
was 200 µm above the workpiece top surface (see Fig. 4.12 (c)) 
  
Figure 4.12: SEM cross-sectional images of holes drilled at laser pulse energy of 700 µJ 
with different focal positions relative to the workpiece surface: (a) area observed, (b) -
400, (c) -200, (d) 0, (e) 200, and (f) 400 µm. 
4.5.4 Effects of Pitch 
Precisely adjusting and maintaining the distance between the sample with the 
laser focal position plays a key role in the drilling process. In our experiment, we found 
that the optimized starting location was with the laser focused 200 µm above the 
workpiece surface. To maintain a fixed distance of the focused spot relative to the 
workpiece during the drilling process, the focal position started above the surface, and 
then moved down to the bottom surface step-by-step by “Pitch.” The focal position was 
moved after each scanning loop, where “n” is the total drilling loops (see Fig 3.9). To 
find the optimal pitch for the drilling process, rectangular holes were drilled at different 
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pitches. The drilling was conducted with pitch steps between 15 and 40 µm. Scanning 
speed was set at 1.5 mm/s, with pulse energy of 700 µJ, and a focal position 200 µm 
above the sample top surface, the total scanning loops was adjusted according to the pitch 
step. For example, a small pitch of 15 µm required 100 scanning loops for a cut through, 
while a larger pitch of 40 µm only required 38 scanning loops. Figure 4.13 shows the 
effect of the pitch on the sidewall quality. The charred material, matrix recession, and 
fiber protrusion were found at the hole sidewall when drilled with small pitch steps of 15 
µm (see Fig. 4.13 (b)). Whereas, neither charred material nor matrix recession and 
cavities were observed at the hole sidewall with large pitch steps of 40 µm (see Fig. 4.13 
(g)). When drilling with small pitch steps, a larger number of scanning loops was 
required to achieve a cut through of the material, which increased the heat accumulation 
on the material surface and subsequently led to HAZ, charred material, and cavities. 
Drilling with a larger pitch, a smaller number of scanning loops was required for a cut 
through, which minimized the heat accumulation on the sidewall.  
 
Figure 4.13: SEM cross-sectional images of holes drilled at laser pulse energy of 700 µJ 
with different pitch steps: (a) area observed, (b) 15, (c) 20, (d) 25, (e) 30, (f) 35, and (g) 
40 µm. 
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The taper profile of the holes drilled with different pitches is shown in Fig. 4.14.  
The diameter of the hole entrance was independent of the pitch value while the diameter 
of the hole exit decreased as the pitch increased, leading to a larger hole taper.  
With a pitch of 25 µm, the hole profile was almost straight with no matrix recession and 
fiber protrusion. The pitch affected the amount of laser power delivered to the bottom 
surface, and the optimal pitch maximized the amount of laser power delivered to the 
bottom of the hole, which minimized the hole taper, and maintained high ablation rate 
during the drilling process by keeping the laser focused on the workpiece.   
Optimal hole quality was produced with a pitch of 25 µm after each scanning loop, and a 
total of 60 scanning loop was required to achieve a clean cut (see Fig. 4.14 (d)).  
 
Figure 4.14: SEM cross-sectional images of holes drilled at 700 µJ pulse energy with 
different pitch steps and the effect of the pitch on the taper: (a) area observed, (b) 15, (c) 
20, (d) 25, (e) 30, (f) 35, and (g) 40 µm. 
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4.5.5 Optimized Results 
SEM view of the top and bottom sides of the hole drilled in a 1.5 mm thick GFRP 
PCB substrate in open air are shown in Fig. 4.15. The hole was drilled using the 
optimized parameters: a laser pulse energy of 700 µJ, a focal position of 200 µm above 
the sample top surface, a pitch of 25 µm, and a scanning speed of 1500 µm/s.  
The hole drilled using the optimized parameters shows high-quality cutting with clean 
sidewall surface, no visible cracks or HAZ. The thermal effects were avoided due to the 
laser ultrashort pulse duration and the assist gas. 
 
Figure 4.15: SEM images of a hole drilled using optimized parameters: (a) top, (b) 
bottom, and (c) 45o view. 
The cross-section cuts are shown in Fig. 4.16 exhibit a very high sidewall quality: no 
delamination between layers, no measurable recast or HAZ, and no dross on either the 
surface or the edge of the hole. 
 
Figure 4.16: (a) SEM cross-sectional image of a hole drilled using optimized parameters, 
and high magnification images of (b) the drill edge and (c) hole sidewall. 
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4.6 Summary 
In this study, fs laser drilling of GFRP PCBs has been demonstrated. The work 
aimed to achieve high-quality laser drilling of PCBs with minimal HAZ, clean surface 
finish, no debris, no recast layer, and no cracks.  The effects of various laser processing 
parameters on the drilling quality of PCBs in terms of HAZ, surface cleanness, cracks, 
recast layer and hole taper were studied. The optimal processing parameters were 
identified for drilling PCBs substrates. High-quality laser drilling of PCBs substrates with 
a clean surface, no cracks, no recast layer and no delamination was demonstrated. 
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5.1 Introduction 
Laser polishing of LTCC was performed using two lasers: excimer laser (248 nm 
wavelength, and 25 ns pulse duration), and fiber laser (1064 nm wavelength, and 
continuous wave). The experiment was conducted on an LTCC substrate with a total 
thickness of 1.6 mm.  The samples had a characteristic micro-hillock type surface 
morphology with root mean square (RMS) roughness of 1.097 µm. Following the laser 
irradiation, the RMS value was reduced to 0.355 µm. The effects of different laser 
parameters on the surface roughness were evaluated.  
 
5.2 Experiment Setup 
Figure 5.1 shows the schematic of the setup used for the experiment. The LTCC 
sample was mounted vertically on a metal holder. The laser beam was used to scan the 
sample surface along an area of 8 ×8 cm2 with a fixed scanning path.  
 
Figure 5.1: Schematic illustration of the laser polishing experiment setup. 
The scanning path consisted of a square filled with vertical lines pattern with a specific 
pitch (distance) between lines (see Fig. 5.2). 
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Figure 5.2: Schematic illustration of the laser scanning path. 
Two lasers were employed to perform the experiment: An Excimer laser and a fiber laser. 
LTCC samples were irradiated by the laser beam at a normal incidence angle. The 
irradiation was carried out with different pulse energies, repetition rates and a number of 
scans. The samples were placed in the open air without any pre-treatment. A mechanical 
shutter was used to switch the laser beam.  
 
5.3 Results and Discussion  
Root mean square roughness of the polished LTCC was measured using a surface 
profiler, and the surface topography was evaluated using SEM. The effects of processing 
parameters, including pulse energy, pulse repetition rate, and a number of pulses, on 
surface roughness, were analyzed. 
 
5.3.1 Excimer Laser Polishing  
In this experiment, a 248 nm excimer laser (COMPexPro 205) with a pulse 
duration of 25 ns was used to polish LTCC samples using different processing 
parameters. The effects of processing parameters, including laser pulse energy and pulse 
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repetition rate, on the surface roughness were analyzed. This study aimed to investigate 
the efficacy of excimer laser radiation for the polishing of LTCC. Changes in surface 
structure due to different laser treatment were examined using SEM.  
 
5.3.1.1 Effects of Pulse Energy 
Figure 5.3 shows the effects of the pulse energy on the surface roughness of the 
polished LTCC samples. The surface roughness decreased as the pulse energy increased. 
With a laser pulse energy of 500 mJ, the polished LTCC surface consisted mainly of 
microcracks due to thermal stress and the rapid re-solidification as shown in Fig, 5.3 (e). 
Laser pulse energy between 300-400 mJ was too small to remove the LTCC material 
effectively. Therefore, the surface roughness of the polished LTCC was approximately 
the same as the original one. 
 
Figure 5.3: (a) SEM image of the original unpolished LTCC surface, and images of 
samples polished with different pulse energies: (b) 300, (c) 350, and (d) 400, and (e) 500 
mJ. 
5.3.1.2 Effects of Number of Laser Pulses 
The surface roughness decreased as the number of laser pulses increased. 
However, the damage to the surrounding area also became more serious. 
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With laser pulses between 75-100 pulses, the smoothest surface was obtained (see Fig. 
5.4). At this condition, the laser energy dissipated on the material surface increased, 
leading to an increase in the melting layer. As the laser pulse number decreased to 50 or 
lower, the laser energy became too small to remove the LTCC material effectively.  
 
Figure 5.4: SEM images of samples polished with a different number of laser pulses: (a) 
50, (b) 75, and (c) 100 pulse.  
5.3.1.3 Effects of Laser Pulse Repetition Rate 
The experimental results indicate that the surface roughness was influenced 
strongly by the laser pulse repetition rate as shown in Fig. 5.5. This is because different 
pulse repetition rate means different laser pulse energy. It is known that the energy per 
pulse equals to the average laser power divided by laser repetition rate. As laser repetition 
rate decreases, more energy concentrates into a single laser pulse. When the pulse 
repetition rate was 1 Hz, the laser pulse energy was highest, and material removal became 
significant comparing with processing at 5 Hz. As a result, the surface roughness 
decreased. 
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Figure 5.5: SEM images of samples polished with different repetition rates: (a) 1 and (b) 
5 Hz. 
5.3.2 Fiber Laser Polishing 
In this study, polishing of LTCC was performed using a continuous wave fiber 
laser. Laser polishing of LTCC is based upon the remelting of a thin surface layer by 
continuous laser radiation. The laser beam heats the LTCC top surface, creating a melt 
pool. The laser beam was moved over the surface with a defined scanning speed, which 
melted the material on one side of the melt pool and re-solidified it on the other side.  
Due to the surface tension of the molten material, the surface roughness was smoothed 
during the remelting process. The resulting surface re-solidified without cracks, pores or 
hidden defects out of the molten material. RMS roughness of the polished LTCC was 
measured using a surface profiler, and the surface topography was observed using SEM.  
5.3.2.1 Effects of Laser Power 
In order to investigate the effects of laser power on the polishing process, LTCC 
samples were polished at different laser powers (see Fig. 5.6). The results indicate that 
the surface roughness decreased as power increased. This is due to a larger remelting 
depth obtained with a higher laser power. Meanwhile, with a laser power of 225 W, the 
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polished LTCC surface consisted mainly of microcracks due to thermal stress and the 
rapid re-solidification, as shown in Fig 5.6.d. 
 
Figure 5.6: SEM images of samples polished with different laser powers: (a) 150, (b) 
175, (c) 200, and (d) 225 W. 
5.3.2.2 Optimize Results 
As shown in Fig. 5.7, the polished LTCC sample show high-quality polishing 
with a clean surface, no visible microcracks, holes or debris on the surface of the 
substrate. The sample was polished using the following parameters: a laser power of 200 
W, a scanning speed of 100 mm/s, a pitch of 0.01 mm, and five scanning loops. The 
polishing time was 5 minutes.  
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Figure 5.7: (a) SEM images of the original unpolished LTCC surface, and (b) SEM 
images of the polished surface using the optimized parameters. 
The RMS roughness of the untreated LTCC was compared with that after the 
surface polishing using a surface profiler (see Fig. 5.8). The results show a significantly 
lower surface roughens for the polished surface compared with the untreated LTCC 
substrate. The RMS value of the original surface was 1.097 µm, which reduced to 0.355 
µm after polishing.  
 
Figure 5.8: The RMS roughness of: (a) an original unpolished LTCC surface, and (b) the 
polished surface. 
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A white light interferometer system, Zygo, was used to obtain surface height data 
of both unpolished and polished LTCC. Figure 5.9 shows the histograms of surface 
heights for both samples. The results show a significant reduction in the sharp peaks 
slope by laser polishing, which indicates a reduction in surface roughness. 
 
Figure 5.9: Distribution of surface heights of: (a) an original unpolished surface, and (b) 
the polished surface. 
 
5.4 Summary 
Two lasers were employed to polish LTCC substrates: (i) an Excimer laser 
(pulsed laser), and (ii) a fiber laser (continuous laser). When polishing with an excimer 
pulsed laser, larger surface structures remained unaffected and were not eliminated, 
mainly due to a small remelting depth of the pulsed laser. Continuous fiber laser was able 
to eliminate larger surface structures and achieve a smoother surface.  The concept of 
laser polishing by remelting is similar to conventional polishing using fire burners, but 
laser provides higher control over the process since the laser beam can be controlled more 
precisely than a burner. RMS roughness of LTCC was reduced from 1.097 µm to 0.355 
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µm after polishing using a fiber continuous wave laser with a laser power 200 W, a 
scanning speed of 100 mm/s, a pitch of 0.01 mm, and five scanning loops. 
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Chapter 6: Conclusions and Recommendations for 
Future Work 
 
 
6.1 Conclusions 
6.2 Recommendations for Future Work 
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6.1 Conclusions 
In this project, processes for fs laser drilling of LTCC and GFRP PCBs for RF 
packaging were developed. A high drilling quality with no trace of dross, debris and 
reacting layer was achieved. The effects of the laser parameters, including laser pulse 
energy, scanning speed, focal position, and pitch, on the hole quality, were investigated.  
Femtosecond laser drilling of LTCC in open air was presented using two fs laser 
systems: 1) a Ti: Sapphire fs laser, and 2) a fiber fs laser. The shape and morphology of 
the holes were characterized and evaluated using laser microscope and SEM. After 
drilling, the hole taper and the HAZ were evaluated. Debris-free straight holes with good 
roundness, clean trench edges, and no thermal damage were demonstrated. The optimized 
drilling parameters were presented. Drilling of GFRP PCBs was performed using a Ti: 
Sapphire fs laser with N2 as the assistant gas. The shape and morphology of the holes 
were characterized and evaluated using laser microscope and SEM. High-quality laser 
drilling with minimal HAZ, clean surface finish, no debris, no recast layer, and no cracks 
was achieved. The optimized drilling parameters were presented. Laser polishing of 
LTCC was also developed. The results showed a significant reduction in surface 
roughness after the laser polishing. RMS roughness of LTCC was reduced from 1.097 
µm to 0.355 µm by a fiber continuous wave laser polishing. The reduction of the surface 
roughness is of practical importance for achieving low microwave loss since surface 
roughness contributes significantly to the total microwave losses. 
Overall, this research demonstrated the capability of fs laser machining in the 
high-quality drilling of LTCC and GFRP PCBs. The effects of different laser parameters 
on the drilling quality were provided. This work also presented a systematic way of study 
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that can be followed to optimize laser machining to achieve high-quality drilling in other 
materials.   
 
6.2 Recommendation for Future Work 
For fiber fs laser drilling of LTCC, the taper was reduced significantly but not 
eliminated. Adjusting the laser beam angle of incidence during the drilling process could 
help to eliminate the hole taper and achieve straight walls. In order to adjust the laser 
beam angle during the drilling process, a 5-axis galvanometer scanner must be used. In 
the current study, the laser beam was kept perpendicular to the sample top surface. The 
Gaussian fluence profile of the laser beam resulted in wall angle (γ). The inclination of 
the wall leads to a larger area under the laser spot. Figure 6.1.a shows a schematic 
representation of the perpendicular laser beam relative to the workpiece during the 
drilling process.  
  
Figure 6.1: (a) Schematic illustration of perpendicular laser incidence on the workpiece 
and (b) laser beam profile during the drilling process. 
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The effective laser fluence (∅eff) on the sidewall is smaller than original laser fluence 
(∅0) by the wall angle of (γ), because the laser beam area on sidewall is much larger than 
original (see Fig. 6.1.b). The equation for the effective laser fluence (∅𝑒𝑓𝑓) is shown Eq. 
(2) [41]:  
         (2) 
The larger laser spot on sidewall leads to a lower energy fluence, with lower ablation 
ability of the laser beam. As drilling deeper, less material could be removed, leading to 
the formation of a tapered hole. If drilling with the laser angle of incidence adjusted, a 
smaller laser area could be maintained during the drilling process, leading to higher ∅eff, 
than fixed perpendicular incidence (see Fig. 6.2). This makes it possible to ablate the 
materials on sidewall to achieve the strict perpendicular hole with the same laser pulse 
energy.  
 
Figure 6.2: (a) Schematic illustration of angle laser incidence on the workpiece and (b) 
laser beam profile during the drilling process. 
In the current study, the fs lasers were operated at a fixed repetition rate and a 
pulse duration (150 fs for Ti: Sapphire laser and 800 fs for fiber laser). The use of shorter 
∅eff = ∅0 × cos γ 
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pulses (few fs) could achieve melting-free ablation, eliminating the recast layer formation 
completely. Adjusting the repetition rate to find the optimized parameter for our study 
could increase the ablation efficiency and reduce the drilling time. Optimizing the 
repletion rate could also reduce the HAZ since it controls the thermal load delivered to 
the sample because with a high pulse repetition rate, the time interval between successive 
pulses is too short for complete cooling and surface temperature increases steadily with 
increasing pulse number. [42] In the current study, all experiments were performed in 
open air, cleaner surfaces can also be expected if in vacuum conditions. 
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